The folding kinetics of human common-type acylphosphatase~cAcP! from its urea-and TFE-denatured states have been determined by stopped-flow fluorescence techniques. The refolding reaction from the highly unfolded state formed in urea is characterized by double exponential behavior that includes a slow phase associated with isomerism of the Gly53-Pro54 peptide bond. However, this slow phase is absent when refolding is initiated by dilution of the highly a-helical denatured state formed in the presence of 40% trifluoroethanol~TFE!. NMR studies of a peptide fragment corresponding to residues Gly53-Gly69 of cAcP indicate that only the native-like trans isomer of the Gly-Pro peptide bond is significantly populated in the presence of TFE, whereas both the cis and trans isomers are found in an ;1:9 ratio for the peptide bond in aqueous solution. Molecular modeling studies in conjunction with NMR experiments suggest that the trans isomer of the Gly53-Pro54 peptide bond is stabilized in TFE by the formation of a nonnative-like hydrogen bond between the CO group of Gly53 and the NH group of Lys57. These results therefore reveal that a specific nonnative interaction in the denatured state can increase significantly the overall efficiency of refolding.
Protein folding is a complex process through which a linear polypeptide chain achieves the unique three-dimensional~3D! structure associated with its amino acid sequence~Dobson & Karplus, 1999!. One of the complications in folding results from the fact that peptidyl prolyl bonds in polypeptide chains can exist in cis and trans isomers of comparable energy~Schmid, 1992; Stein, 1993!. In the native structures of most proteins, a given peptidyl-prolyl bond is restricted to either the cis or the trans isomers as a consequence of the conformational restraints resulting from the close packing of side chains. There are exceptions to this general finding, for example, staphylococcal nuclease can exist in two distinct folded conformations having either the cis or the trans isomers of the Lys116-Pro117 peptide bond~Fox et al., 1986; Evans et al., 1987 !. Under denaturing conditions, however, both cis and trans conformers of peptidyl prolyl bond in proteins are usually significantly populated, giving rise to slow phases in the refolding reaction because the interconversion between the two structures is usually slow relative to the intrinsic folding process. The isomerization of peptidyl-prolyl bonds is therefore the slowest process observed in the folding reactions of many proteins in vitro~Kim & Baldwin, 1982; Evans et al., 1989; Kiefhaber et al., 1990a Kiefhaber et al., , 1990b Schmid, 1992; Schmid et al., 1993; Stein, 1993; Guijarro et al., 1998; van Nuland et al., 1998; Chiti et al., 1999a Chiti et al., , 1999b !. For folding in vivo, however, the enzyme peptidyl-prolyl isomerase functions to accelerate the overall folding rate of such proteins by catalyzing the slow interconversion process between cis and trans isomers~Fischer & Bang, 1985; Lang et al., 1987; Lin et al., 1988; Schmid et al., 1993!. One of the proteins where a slow in vitro folding phase has been found to be associated with proline isomerization is human commontype acylphosphatase~cAcP !~Chiti et al., 1999a; Taddei et al., 1999 !. The native structure of cAcP consists of two parallel a-helices packed against a five-stranded antiparallel b-sheet and has two proline residues~Pro54 and Pro71! both in the trans conformatioñ Fig. 1 !. Previous studies~Chiti et al., 1999a; Taddei et al., 1999! have shown that the major phase in the folding of this protein has two-state character and does not result in the accumulation of observable intermediates. There are, however, two minor slow phases in the folding kinetics of cAcP that arise from the cis to trans isomerization of the two proline residues. One of them, involving the slow conversion of the cis Gly53-Pro54 bond into its native trans form, is detectable when the reaction is followed by intrinsic fluorescence~Chiti et al., 1999a; Taddei et al., 1999 !. The other slow phase arises from cis to trans isomerization of Ser70-Pro71 and can be observed in the time-resolved recovery of enzymatic activity during the folding process~Chiti et al., 1999a!.
2,2,2-Trifluoroethanol~TFE! is a solvent that, when added to aqueous solution, stabilizes hydrogen bonding interactions~Luo & Baldwin, 1997; Buck, 1999! but destabilizes hydrophobic interactions by providing an environment of low polarity around the solute molecules~Velicelebi & Sturtevant, 1979; Fu & Freire, 1992; Albert & Hamilton, 1995 !. Hence, TFE favors local hydrogen bonds~Luo & Baldwin, 1997 Buck, 1999! and promotes a-helical~Sönnichsen et al., 1992; Buck et al., 1993; Shiraki et al., 1995; Luo & Baldwin, 1997; Buck, 1999 !, b-turn~Cann et al., 1987 Sönnichsen et al., 1992 !, and b-hairpin~Blanco et al., 1994a ! structures within a polypeptide chain. In the light of these properties, the investigation of the effects of TFE on the kinetics of protein folding has provided significant insight into the ratedetermining steps of protein folding reactions~Lu et al., 1997; Chiti et al., 1999b; Hamada et al., 2000!. In the present study, we explore the influence of different denaturing conditions on the slow-folding process caused by the isomerization of the Gly53-Pro54 peptide bond of cAcP. To do this we have compared the refolding kinetics of cAcP denatured in TFE with those of the protein denatured in urea. We find that the folding kinetics of this protein are affected by the differences in the structural properties of the denatured state from which the folding reaction is initiated. Specifically, the analysis of NMR data and the results of molecular modeling suggest that a nonnative interaction in the TFE denatured protein greatly diminishes the population of molecules whose folding is limited by the slow conversion of the cis to trans configuration of the Gly53-Pro54 peptide bond. Figure 2A shows two traces of the refolding kinetics of cAcP as revealed by intrinsic fluorescence measurements. The reactions were initiated by 11-fold dilution of either the TFE-or ureadenatured protein with refolding buffers containing either 0.6 M urea or 4% TFE, respectively. The final refolding conditions are therefore identical~3.6% TFE, 0.54 M urea! in both cases. On the other hand, the denatured states before initiation of folding are very different, having either highly a-helical or effectively random coil structures. It has been generally found that the folding behavior of proteins is determined only by the final refolding conditions Jackson & Fersht, 1991; Lu et al., 1997; Buck, 1999; Hamada et al., 2000 !. The data in Figure 2A , however, show that the refolding behavior of cAcP is significantly affected by the confor- Fig. 1 . Schematic representation of the native structure of cAcP drawn using MOLSCRIPT~Kraulis, 1991!. The region corresponding to the peptide fragment corresponding to Gly53-Gly69 studied in this paper is colored red. Pro54 is shown in a ball-and-stick representation. The coordinates obtained from the X-ray crystal structure of the bovine isozyme cAcP~2ACY!~Thunnissen et al., 1997! were used to generate this structure, as the 3D structure of human cAcP is not available. The amino acid sequence of bovine cAcP is 89.8% identical to that of human variant, and both proteins are expected to assume closely similar structures.
Results and discussion
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mational features of the unfolded protein before the initiation of the folding reaction. The refolding kinetics measured after the dilution of the urea-denatured protein fit to a double exponential function~broken line in Fig When the refolding reaction was initiated by dilution of the TFE-denatured state at 25 8C~Fig. 2A!, the resulting kinetic trace fits well to a single exponential function. The rate constant estimated from this curve is 1.11 6 0.010 s Ϫ1 . This value is consistent with the rate constant of the fast phase observed for the refolding of the urea-and acid-denatured states~Fig. 2B!. This result indicates that it is the slow process associated with the cis to trans isomerization of Pro54 that is absent in the folding process initiated by the dilution of the TFE-denatured state of cAcP. This suggests that in the large majority of molecules~Ͼ99%; estimated from the fitting error! in the TFE-denatured state the Gly53-Pro54 bond is in its native-like trans configuration, in contrast to the situation with the urea-and acid-denatured states where both cis and trans isomers~13.6 6 0.01% and 86.4 6 0.30% at 25 8C, respectively!~Fig. 2C! are present in significant population.
Cis and trans isomers of Gly53-Pro54 in different solvents
The populations of the cis isomers of peptidyl prolyl bonds in the sequences of several denatured proteins have been estimated by NMR studies of short peptide fragments and found to vary between 5 and 40% in aqueous solution~Grathwohl & Wüthrich, 1976; Raleigh et al., 1992; Reimer et al., 1998; Franzoni et al., 1999!. To analyze further the effect of TFE on the relative populations of cis and trans isomers of the Gly53-Pro54 bond, NMR spectra were examined of a peptide fragment of cAcP in the presence and absence of 30% TFE. The Gly-Pro sequence of cAcP is located in a turn region between the third b-strand and the second a-helix of the native structure~Fig. 1!. The region corresponding to the b-strand is less likely than the a-helix to be important in determining the configuration of this peptidyl prolyl bond, because TFE usually stabilizes native-like local secondary structure~Se-gawa et al., 1991; Dyson et al., 1992a Dyson et al., , 1992b Chiti et al., 1999b !. There are some exceptions to this generalization such as the fragments derived from the b-sheet regions of bovine b-lactoglobulin that have an exceptionally high propensity to form nonnative a-helical conformations~Hamada et al., 1995; Shiraki et al., 1995; Kuroda et al., 1996 !. On the other hand, truncation of an a-helical region to reduce the length of a model peptide will decrease its helical propensity, and such a fragment will not show the conformational properties found for the intact protein in TFE0H 2 O. In the light of these considerations, we studied an a-helical peptide that corresponds to the Gly53-Gly69 region of cAcP~Fig. 1!.
Figures 3A and 3B show the fingerprint regions of the DQF-COSY spectra of this peptide in the presence and in the absence of TFE. As is typically found for a short peptide in aqueous solution, the peaks have little chemical shift dispersion in the absence of TFE because of the lack of a specific highly populated conformation~Fig. 3A!; the peaks, however, could be assigned by a series of 1 H NMR experiments as described in Materials and methods. Analysis of the chemical shifts suggests that the peptide fragment has a very small but significant tendency to adopt an a-helical conformation~Fig. 4!. The far-ultraviolet~UV! circular dichroism CD! spectrum and the NOE connectivities~Figs. 5, 6A!, however, indicate that the peptide is largely disordered. In addition, for several residues, such as Gly1, Ala3, and Val6, two aN cross peaks are observed for each residue~Fig. 3A!. This is indicative of the presence of both cis and trans isomers of the Gly1-Pro2 peptide bond. The population of the cis conformer, estimated from the peak volumes in the TOCSY spectra, is 11.8 6 1.1%~Fig. 2C!. This value is consistent with data for cis proline populations in other unstructured peptides~Grathwohl & Wüthrich, 1976; Yao et al., 1994a; Reimer et al., 1998 !. Furthermore, the value obtained here is similar to the amplitude of the slow phase observed in the refolding kinetics of cAcP initiated by dilution of unfolded protein in 6.0 M urea~8.7 6 3.7%, see also Fig. 2C ! even though the NMR spectrum was recorded in the absence of urea.
In contrast to the results obtained for the peptide in water, the NOE patterns and chemical shift values for the peptide in 30% TFE show that the peptide assumes a highly a-helical conformation~Figs. 4, 6B!, a result consistent with the far-UV CD spectrum~Fig. 5!. The presence of daN~i, i ϩ 3!, daN~i, i ϩ 4! and dab(i, i ϩ 3! NOEs involving resides from Pro2 to Lys16 further indicates that these residues contribute significantly to the stability of the a-helical conformation of this peptide. Importantly, only a single aN cross peak is detectable for each residue in 30% TFẼ Fig. 3B !, suggesting that the Gly-Pro peptide bond has only one significantly populated isomer in the presence of TFE. The observed NOE between aH Gly1 and dH Pro2 confirms that the Gly1-Pro2 peptide bond in TFE is in a trans conformation. This result is consistent with the fact that in the refolding experiments there is only a single kinetic phase associated with a very high population of the native-like trans conformer of the Gly53-Pro54 bond in the TFEdenatured state of cAcP.
Structural origin of the stabilization of trans Gly53-Pro54 in TFE
The results described above indicate that only the trans Gly1-Pro2 i.e., Gly53-Pro54 in the protein sequence! peptide bond is significantly populated for the peptide fragment derived from cAcP when it assumes an a-helical structure in the presence of TFE. By contrast, both isomers are present in the peptide when it is in its highly unstructured state in H 2 O. A trans isomer is energetically more favorable than a cis isomer in an unfolded polypeptide chain, and the populations of the different conformers are highly dependent on the type of amino acid at the Xaa position in a Xaa-Pro sequence~Grathwohl & Wüthrich, 1976; Stein, 1993; Reimer et al., 1998 !. In contrast to the peptide studied here, a peptide fragment derived from the sequence of the chymotrypsin inhibitor 2~CI2! was found to have an increased population of the nonnative cis conformer on addition of TFE~Izhaki et al., 1995!. This observation, along with extensive experimental data for peptides in water Dyson et al., 1988a; Yao et al., 1994a Yao et al., , 1994b !, suggests that the secondary structure of the polypeptide chain around the peptidylprolyl peptide bond plays an important role in determining the populations of cis and trans isomers~Reimer et al., 1998!.
To gain further insight into the particular mechanism of stabilization of the trans conformation of the Gly53-Pro54 peptide bond in TFE, models of the N-terminal fragment of the peptidẽ GPASKVR! were constructed. Four models of the peptide fragment studied here were generated using the Insight II package in which residues Ala3-Arg7~Ala55-Arg59 in the protein sequence! were fixed in a-helical conformations, and Pro2 was defined to have f,c torsion angles of either Ϫ608 and ϩ1508 or Ϫ558 and Ϫ358. These f,c torsion angles are those that have the greatest population for proline in high resolution protein structures in the Protein Data Bank~Swindells et al., 1995!. The v angle of the Gly-Pro peptide bond was set in all cases to either 08 or 1808 for cis and trans isomers, respectively.
All the models generated in this case are consistent with the NOE effects revealed in the NMR experiments. However, of the four conformers examined, that in which Pro2 has the conformation f ϭ Ϫ558, c ϭ Ϫ358, v ϭ 1808 contains a hydrogen bond between the main-chain NH group of Lys5 and the Gly1 CO group i.e., between Lys57 NH and Gly53 CO in the protein sequence! that is typical of an a-helical conformation~Fig. 7!. Interestingly, this hydrogen bond is not found in the native structure of cAcP as the helix terminates at Pro54. This result suggests that in TFE, where a-helical conformers and intramolecular hydrogen bonds are strongly favored, the native-like trans Gly-Pro peptide bond could be stabilized because in this conformation there is the possibility of an additional main-chain hydrogen bond. The NOE data measured for the peptide are not able to provide sufficiently detailed structural information to test this model directly. The presence of the Lys5 NH-Gly1 CO hydrogen bond, however, is supported by the observation of a low temperature coefficient of the amide 1 H resonance of Lys5~2.0 ppb K Ϫ1 ! Table 1 !. Such low-temperature coefficients are indicative of am- ide groups involved in intramolecular hydrogen bonding rather than being hydrogen bonded to solvent water molecules~Dyson et al., 1988b; Waltho et al., 1993; Blanco et al., 1994b; Izhaki et al., 1995!. Although the acceptor group for the amide proton of Lys5 in the peptide structure cannot be identified from the present study, this result supports the suggestion from the molecular modeling that the trans isomer of the Gly53-Pro54 bond in cAcP could be locally stabilized by the formation of a Lys57 NH-Gly54 CO hydrogen bond in the presence of TFE.
Possible significance for protein folding
The conformations of peptidyl prolyl bonds in the native structures of proteins are usually restricted to one of the two stable conformers~i.e., either cis or trans! by the globally cooperative effect of the chain packing of the amino acid side chains in the compact globular fold. In highly denatured states, both conformers are usually present in significant populations, giving rise to the wellcharacterized slow steps in the folding of many proteins~Schmid, 1992; Stein, 1993!. The present results suggest that in a partially structured denatured state, the populations of proline isomers can be significantly affected by local interactions within the polypeptide chain. In the case of cAcP, this results in the effective abolition of the slow phase in folding because the native-like trans isomer is stabilized. By contrast, a study of the conformational preferences of a peptide fragment derived from CI2 in the presence of TFE indicates that the cis isomer is stabilized by this alcohol~Izhaki et al., 1995!, suggesting that in some cases there will be an increase in the relative amplitude of slow folding phases of proteins in its presence. More generally, however, the finding that local interactions can significantly perturb the populations in peptidyl prolyl bonds could be important in understanding the role of partially structured intermediates in the folding of proteins, or the influence of the various factors that regulate folding reaction within a cellular environment~van den Berg et al., 1999!.
Materials and methods
Peptide and protein samples
Recombinant human cAcP was expressed in Escherichia coli and purified as described previously~Modesti et al., 1995!. The peptide fragment~Ac-GPASKVRHMQEWLETKG-NH 2 !, which corresponds to the second a-helical region of the native structure of cAcP, from Gly53 to Gly69~Fig. 1!, was synthesized by solid phase Fmoc methods and purified by reversed-phase HPLC. TFE-d 3 was purchased from Aldrich~Gillingham, United Kingdom!. Other chemicals were of analytical grade.
Stopped-flow kinetics
The refolding kinetics of cAcP were studied at pH 4.0 and at various temperatures by mixing one volume of cAcP denatured in either 6.0 M urea or 40% TFE with 10 volumes of a solution containing 4% TFE or 0.6 M urea, respectively. Therefore, in each experiment the refolding reaction proceeds in 10 mM acetatẽ pH 4.0!, 3.6% TFE, and 0.54 M urea. A SX-18M stopped-flow instrument from Applied Photophysics~Leatherhead, United Kingdom! was used to follow the change in the intrinsic fluorescence emission above 320 nm using a cutoff filter. The excitation wavelength was at 280 nm.
Circular dichroism spectrum
Far-UV CD spectra were monitored using a Jasco J-720 spectropolarimeter and a cell with a 1 mm pathlength. The temperature was controlled by circulating water around the cell holder. The protein samples were dissolved in 50 mM acetate buffer~pH 5.5! in the presence or in the absence of 30%~v0v! TFE. The protein concentration in all samples was 0.075 mg mL Ϫ1 .
NMR measurements
For the NMR measurements, the peptide was dissolved in 0.6 mL of 90% H 2 O010% D 2 O and 70% H 2 O030% TFE-d 3 to yield a peptide concentration of 2 mM at pH 4.0. 1 H NMR data were recorded at 15 8C on home-built spectrometers with 1 H operating frequencies of 500.15 and 600.20 MHz belonging to the Oxford Centre for Molecular Sciences. DSS~2,2-dimethyl-2-silapentane-5-sulfonate! was added to all samples as an internal reference. Sequential assignment were achieved by standard procedures Wüthrich, 1986! using DQF-COSY, TOCSY with a 70 ms mixing time and NOESY experiments with 150 and 250 ms mixing times. Temperature coefficients were calculated for the amide protons of the peptide using chemical shift data from TOCSY spectra recorded every 10 8C in the range 5-45 8C.
Molecular modeling
Structural models were generated on a Silicon Graphics workstation using Insight II graphics software~Biosym, Molecular Simulations Inc., San Diego, California!. The details of the modeling procedures are described in the text.
Supplementary material in the Electronic Appendix
Description of the supplementary tables included in the Electronic Appendix: Table 1. 1 H NMR chemical shifts for the peptide corresponding to residues Gly53 to Gly69 of cAcP in aqueous solution. 
